A chloroplast-encoded gene, designated chlB, has been isolated from Chlamydomonas reinhardtii, its nucleotide sequence determined, and its role i n the light-independent reduction of protochlorophyllide to chlorophyllide demonstrated by gene disruption experiments. The C. reinhardtii chlB gene is similar to open reading frame 563 (orf563) of C. moem wusii, and its encoded protein is a homolog of the Rhodobacter capsulatus bchB gene product that encodes one of the polypeptide components of bacterial light-independent protochlorophyllide reduction. To determine whether the chlB gene product has a similar role in light-independent protochlorophyllide reduction in this alga, a series of plasmids were constructed in which the aadA gene conferring spectinomycin resistance was inserted at three different sites within the chlB gene. The mutated chlB genes were introduced into the Chlamydomonas chloroplast genome using particle gun-mediated transformation, and homoplasmic transformants containing the disrupted chlB genes were selected on the basis of conversion to antibiotic resistance. Individual transformed strains containing chlB disruptions were grown in the dark or light, and 17 of the 18 strains examined were found to have a "yellow-in-the-dark" phenotype and to accumulate the chlorophyll biosynthetic precursor protochlorophyllide. RNA gel blot analysis of chlB gene expression in wild-type cells indicated that the gene was transcribed at low levels in both dark-and light-grown cells. The results of these studies support the involvement of the chlB gene product in light-independent protochlorophyllide reduction, and they demonstrate that, similar to its eubacterial predecessors, this green alga requires at least three components (i.e., chlN, chlL, and chlB) for light-independent protochlorophyllide reduction.
INTRODUCTION
The reduction of protochlorophyllide to chlorophyllide has long been recognized as one of the key regulatory steps of chlorophyll biosynthesis. In most higher plants, this is a lightdependent reaction catalyzed by the nuclear-encoded, cytoplasmically synthesized enzyme NADPH:protochlorophyllide oxidoreductase (Griffiths, 1974; Apel et al., 1980) . The structure of this enzyme and the genes that encode it have been characterized from a variety of higher plants, including angiosperms (Schulz et al., 1989; Darrah et al., 1990; Benli et al., 1991; Spano et al., 1992a) and gymnosperms (Spano et al., 1992b; Forreiter and Apel, 1993) . There is also a considerable amount of information describing the manner in which the synthesis, abundance, and activity of this enzyme are regulated by light, cell type, and developmental factors (see Schulz and Senger, 1993; Timko, 1993) .
In addition to this light-dependent mechanism for protochlorophyllide reduction, photosynthetic bacteria, cyanobacteria, and some green algae and higher plants are capable of synthesizing significant amounts of chlorophyll in the dark ' To whom correspondence should be addressed. (Bogorad, 1950; Bogdanovic, 1973; Stanier and Cohen-Bazire, 1977; Beale and Weinstein, 1990) . Although the phenomenon of dark chlorophyll synthesis has been described for decades, the biochemistry of this process (i.e., the mechanism for lightindependent protochlorophyllide reduction) and its regulation remain unknown. A number of recent experimental observations have greatly expanded our understanding of this process and its genetic basis.
Analysis of Rhodobacter capsulatus mutants defective in bacteriochlorophyll formation led to the identification of three loci (designated bchL, bchN, and bchB) involved in the lightindependent reduction of protochlorophyllide by the bacterium (see Bauer et al., 1993 , for a summary). Mutations in any one of these loci resulted in the loss of bacteriochlorophyll formation and the accumulation of high levels of the biosynthetic intermediate protochlorophyllide; this suggests a catalytic role for the products of these genes in this crucial step of bacteriochlorophyll synthesis (Zsebo and Hearst, 1984; Coomber et al., 1990; Yang and Bauer, 1990; Bauer et al., 1991; Burke et al., 1993a) .
A homolog of the Rhodobacter bchL gene, designated frxC, was identified by protein sequence similarity to an open reading frame (ORF) in the chloroplast genome of the liverwort Marchanfiapolymorpha (Ohyama et al., 1986; Kohchi et al., 1988) . This initial observation was followed by the subsequent identification of homologs of both the bchL and bchN genes in the genome of the cyanobacterium Plecfonema boryanum (Fujita et al., 1991 (Fujita et al., , 1993 and the chloroplast genomes of Chlamydomonas reinhardtii (Roitgrund and Mets, 1990; Choquet et al., 1992; Huang and Liu, 1992; Suzuki and Bauer, 1992) , the red alga Pbrphyrapurpurea (Reith and Munholland, 1993) , the liverwort Marchanfia , severa1 ferns (Yamada et al., 1992) , and gymnosperms (Lidholm and Gustafsson, 1991; Yamada et al., 1992) .
A functional role for the chlN and chlL gene products in lightindependent protochlorophyllide reduction has also been demonstrated by gene disruption experiments in Plectonema (Fujita et al., ,1993 and C. reinhardfii (Choquet et al., 1992; Suzuki and Bauer, 1992) . For example, in C. reinhardfii mutations in either chlN (originally known as gidA), a homolog of bchN (Choquet et al., 1992) , or chlL (originally known as frxC), a homolog of bchL (Suzuki and Bauer, 1992) , led to the loss of dark chlorophyll formation and the accumulation of protochlorophyllide by the alga (Choquet et al., 1992; Suzuki and Bauer, 1992) . In both studies, strains harboring the chloroplast gene mutations were still capable of carrying out chlorophyll formation in the light. These chloroplast mutants were phenotypically similar to previously mapped nuclear mutants of C. reinhardfii shown to affect light-independent protochlorophyllide reduction (Sager, 1955; Wang, 1980a, 1980b) . These so-called "yellow-in-the-dark or y mutants also lacked the capacity for dark chlorophyll formation but were able to reduce protochlorophyllide and synthesize chlorophyll in the light.
Based on evolutionary considerations and supported by the demonstrated high degree of protein structure similarity among the various bchL and bchN gene products, these findings strongly suggested that, like photosynthetic bacteria, cyanobacteria and plants capable of dark chlorophyll formation (i.e., light-independent protochlorophyllide reduction) probably required at least a third independent gene product, similar to bchB, that might be encoded in the chloroplast DNA (Burke et al., 1993a . Supporting this theory, chloroplast genes encoding proteins with homology to the bchB gene product have recently been identified in Marchanfia Burke et al., 1993a) , black pine (Tsudzuki et al., 1992) , and C. moewusii (Richard and Bellemare, 1990) . Their functional role in light-independent protochlorophyllide reduction, however, has not been demonstrated.
In this study, we report the isolation and functional characterization of a bchB homolog from C. reinhardfii. We demonstrated by insertional mutagenesis that the proper expression of this chloroplast-encoded gene, designated chlB, is required in the light-independent reduction of protochlorophyllide to chlorophyllide in this alga and, therefore, that the chlB gene product represents the third putative subunit of the light-independent protochlorophyllide reductase. We also present the expression characteristics of this gene in light-and dark-grown cells and discuss our results in relation to the mechanism for dark chlorophyll formation and the coordination of the mechanisms for light-dependent and light-independent protochlorophyllide reductase activity.
RESULTS
ldentification and Characterization of the Chloroplast-Encoded chlB Gene Analysis of R. capsulafus mutants deficient in bacteriochlorophyll formation has previously defined three loci, designated bchL, bchN, and bchB, whose products are required for lightindependent protochlorophyllide reduction. Recently, two C. reinhardfiichloroplast genes, chlN and chlL, have been identified in gene disruption experiments that encode homologs to two of these bacterial genes, bchN and bchL, respectively (Choquet et al., 1992; Suzuki and Bauer, 1992) . Based solely upon amino acid sequence similarity, an unidentified ORF in the plastid genome of C. moewusii, designated orf563, was identified as a homolog to the bchB gene (Richard and Bellemare, 1990) . Using polymerase chain reaction (PCR) amplification, we have isolated sequences encoding the orf563 homolog from C. reinhardfii and, based upon previously suggested terminology (Burke et al., 1993a) , designated this gene as chlB.
The chlB gene maps to the 11.6-kb BamHI-7 fragment in the C. reinhardtii chloroplast genome and is located between the 3'end of thepefD gene that codes for subunit IV of cytochrome bs/f and the 5' end of psbK encoding a 3.9-kD protein associated with photosystem 11, as shown in Figure 1A . The chlL gene is located 4 0 kb 3' to chlB (Suzuki and Bauer, 1992) , and chlN maps at a much greater distance away on the genome, m80 kb 5' to chlB. Analysis of the nucleotide and predicted amino acid sequences of this region indicated that there was a single long ORF encompassing 687 amino acids ( Figure 1B ). The ORF of the C. reinhardfii chlB gene is similar to that found in orf563 in C. moewusii but encodes a protein that contains 4 1 0 additional amino acids, as shown in Figure 2. The two genes share 74% identity and 84% similarity overall, as indicated in Table 1 . These values are somewhat misleading because a majority of the differences between the two sequences are encompassed within three extended mismatched regions.
The predicted amino acid sequence of the chlB-encoded polypeptide exhibits only 36% identity (58% similarity) to the bchB gene of R. capsulafus. Compared to other eukaryotic homologs, the chlB product has 77% identity to the orf573 gene of Marchanfia and 71% identity to the orf570 genes of black pine (P fhunbergii) and white pine (P sfrobus). As in the case of comparisons between the two Chlamydomonas sequences, extended mismatch regions are also observed when chlB is compared to the Rhodobacfer, Marchantia, and pine sequences, lowering the degree of similarity. previous suggestions of a common evolutionary origin (Burke et al., 1993b (Burke et al., , 1993c , pairwise comparisons also demonstrate that the Chlamydomonas chlB protein is a more divergent member of an extended gene family that includes the Rhodobacfer chlorin reductase bchZ gene product (Burke et al., 1993b) , which has .v21% identity and 49% similarity over the entire protein sequence.
The presence of the three extended mismatch regions within the single ORF existing in the C. reinhardtii chlB and C. moewusiiorf563 genes led us to question whether these in-frame regions might actually represent introns subsequently pro- introns), and these primers were used in reverse transcription-coupled PCR amplification to look at the size of the message in wild-type cells. In each case, PCR amplification products were detected within the mRNA population that were identical in size to the coding region's fragment of the genomic DNA; this suggests that these sequences were present within the mRNA and, therefore, likely translated (data not shown).
In control reactions lacking first-strand cDNAs, or in which the primers that were used were located outside of the transcribed region, no amplification products were obtained.
Site-Directed Disruptions of c h l 6 Using Particle Gun
Transformation and Genetic Characterization of the Gene Disruption Mutants
To determine whether a functional chlB gene is required for protochlorophyllide reduction by this alga, plasmid-mediated insertional mutagenesis of the chlB gene was conducted. Six independent constructs were generated by insertion of the aadA gene cassette from the plasmid pUC-atpX-AAD (Goldschmidt-Clermont, 1991) in both orientations into three different locations within the chlB gene contained on plasmid pBS45, as shown in Figure 3 . The chimeric aadA gene confers resistance to the aminoglucoside antibiotics streptomycin and spectinomycin and can be used as a dominant marker to select for gene disruption following stable integration into the chloroplast genome. The disruption plasmids were introduced into the wild-type C. reinhardfii host by particle gun bombardment, and transformants were selected by growth in dim light on media containing spectinomycin. Following transformation, three independent colonies representative of each of the six constructs were chosen for further analysis. These transformants were selected for homoplasmy by seria1 transfers and subsequent growth under antibiotic selection. After three to four rounds of selection, the phenotype of the individual strains was examined by growth in the light and dark. Of the 18 strains analyzed, 17 exhibited a yellow-inthe-dark phenotype.
To confirm the nature of the gene disruptions, two yellow-inthe-dark representatives of each construction as well as the odd green strain (lC, an ApaLI+ derivative) were subjected to DNA hybridization analysis. As shown in Figure 4 , all 12 individuals exhibiting both spectinomycin resistance (Spc') and yellow-in-the-dark phenotype lacked the wild-type 3.5-kb hybridizing band. It was replaced by the expected nove1 bands depending on the position and orientation of the aadA cassette, which contains an extra Kpnl site. In transformant lC, which had the "green-in-the-dark phenotype and was Spc', both the wild-type band and the mutant band were observed, indicating that this strain is heteroplasmic and, thus, probably contains both aadA-disrupted copies and wild-type copies of the chlB gene.
To confirm the chloroplast localization of the mutations confering the yellow-in-the-dark phenotype, three transformants were analyzed in a genetic cross. The three transformants, representing the disruptions ApaLI+ (strain lA), Pmel+ (strain 5A), and Sphl+ (strain lOA), were mating-type (+), had the yellow-in-the-dark phenotype, and were Spc'. They were crossed to a mating-type (-), wild-type strain that was spectinomycin sensitive. In a total of 19 complete tetrads examined (10 from lA, five from 5A, and four from lOA), all progeny had inherited the yellow-in-the-dark, Spc' characteristics of the mating-type (+) parent, thus exhibiting the uniparental inheritance expected for chloroplast markers.
Phenotypic and Pigment Analysis of chlB Disruption Mutants
Cell cultures of wild-type and y mutant strains and each of 13 independent chl6 disruption mutants were grown in either the light or total darkness, and their pigment content was analyzed by fluorescence spectrometry. Representative data are shown in Figure 5 . Fluorescence peaks for light-and dark-grown wildtype cultures are essentially equivalent with emission maxima observed at 664 to 666 nm and a shoulder at ~6 4 8 to 652
nm, corresponding to chlorophylls a and b, respectively. Emission spectra of pigments extracted from the various chlB disruption mutants (Pmel+, Pmel-, ApaLI+, ApaLI-, Sphl+, and Sphl-) grown in the light were similar to those observed in wild-type cells. Thus, there appeared to be no qualitative 
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A partial restriction map of the ch/B gene is shown along with the location of the six chIB disruption plasmids constructed from plasmid pBS45. The plasmid DNA was either partially digested with ApaLI or completely digested with Sphl or Pmel, and the aadA gene cassette from the plasmid pUC-atpX-AAD (Goldschmidt-Clermont, 1991) was inserted in both orientations into these three different locations within the chIB gene as indicated. The location of the 1.1-kb Hindlll fragment used in DNA hybridization analysis and 1.9-kb AccI fragment used for RNA gel blot analysis are also shown. DNA (2 ng) was digested with Kpnl and BamHI, subjected to electrophoresis on an agarose gel, blotted to a nylon membrane, and probed with the ^P-labeled 1.1-kb Hindlll fragment, as shown in Figure 3 . The 3.5-kb hybridizing band in the wild type is replaced by bands of the expected lengths in the transformants (see Figure 3: SphT, 2.6 kb; ApaLr, 2.3 kb; Pmel + , 1.9 kb; Sphl~, 4.5 kb; ApaLI', 4.2 kb; Pme|-, 3.9 kb). Strain 1C (green-in-the-dark) exhibits both the wild-type and effect of these chloroplast gene disruptions on chlorophyll formation under light-grown culture conditions. However, in the 12 yellow-in-the-dark disruption mutants examined, the major emission peak in pigment extracts from dark-grown cultures was at ~627 nm, corresponding to the maxima for the biosynthetic precursor protochlorophyllide. No effects were observed, suggesting that the position of the disruption within the gene or the orientation of the inserted DNA influenced recovery of the mutant phenotype. There was, however, considerable variation observed in the growth rates of the various mutant strains. The phenotype of these chIB disruption mutants is qualitatively identical to those reported for strains with disruptions in two other chloroplast genes, chIN (Choquet et al., 1992) and chIL (Suzuki and Bauer, 1992) , and to the nuclear y mutants (e.g., y-5) Wang, 1980a, 1980b) . Strain 1C, which has a green-in-the-dark phenotype and is heteroplasmic as described above, exhibited wild-type levels of chlorophyll formation under dark-grown culture conditions. the ApaLI* bands and, therefore, is apparently heteroplasmic. Lane P contains 10 ng of Sphl + plasmid DNA. Wild type (WT) and strain designations are given above the gel. (Top) Fluorescence emission spectra of pigments extracted into diethyl ether from the wild-type (WT) and representative mutant cell lines grown in total darkness. (Bottom) Same as given above except that the cell lines were grown in light.
The wild-type strain shows qualitatively the same fluorescence emission spectra for pigments extracted from dark-or light-grown cells. Emission maxima occur at 664 to 666 nm and 648 to 652 nm corresponding to chlorophylls a and b, respectively. Spectra of pigments from dark-and light-grown chB disruption mutants 1A (ApaLI+), 13A (Pmel-), and 11A (Sphl-) are also shown. In these strains, dark-grown cells accumulate protochlorophyllide with an emission maximum at 627 nm. A minor fluorescence peak due to residual chlorophylls can be seen at 664 to 666 nm in some of the spectra. In the light, the various chlS disruption mutants show qualitatively the same fluorescence emission spectra for pigments extracted from light-grown wild-type cells. Under these same growth conditions, the y-5 mutant exhibits an accumulation of protochlorophyllide in the dark and the synthesis of chlorophyll in the light strain similar to that observed in the various chl6 disruption strains.
RNA Gel Blot Analysis of chlB Expression
To examine the extent to which the chlB gene is expressed, equivalent amounts of total RNA isolated from light-and darkgrown wild-type cells were separated on agarose-formaldehyde gels, blotted to nitrocellulose, and hybridized with a 32P-labeled probe prepared from the chlB gene. Consistently, only a single-sized transcript of ~2 . 2 to 2.3 kb was recognized in wild-type cells grown in either continuous white light or darkness, as shown in Figure 6 . Under either growth condition, the steady state levels of the chlB transcript were extremely low. A slightly greater message abundance (approximately twoto fourfold difference) was observed in continuous white light-grown versus dark-grown cells. The observation that chlB is expressed in the light is consistent with the previous report that mutants lacking light-dependent protochlorophyllide reductase activity continue to synthesize chlorophyll when grown in the light (Ford et al., 1981) .
DISCUSSION
Previous studies have demonstrated the existence of two chloroplastencoded genes, chlL and chlN, required in the lightindependent reduction of protochlorophyllide to chlorophyllide in the green alga C. reinhardtii (Roitgrund and Mets, 1990; Choquet et al., 1992; Suzuki and Bauer, 1992) . In this study, we have identified a third chloroplast-encoded gene, Aliquots of total RNA (10 ng) isolated from dark-grown (DARK) and lightgrown (LIGHT) wild-type cells were denatured in loading buffer, fractionated on formaldehyde-agarose gels, blotted to nitrocellulose, and hybridized with ^P-labeled probes. Length in kilobases is given to the right. (A) RNA hybridized with a 1.9-kb Accl fragment prepared from plasmid pCchlB21, as shown in Figure 3. (B) The filter was then stripped and hybridized with radiolabeled 18S rDNA probe. (C) Ethidium-bromide staining of total RNA on the formaldehyde-agarose gel. requirement for three independent gene products in the lightindependent reduction of protochlorophyllide in this alga is not unexpected and is consistent with previous proposals (Bauer et al., 1993; Burke et al., 1993a) stating that the mechanism used for light-independent chlorophyll synthesis in plants and algae is highly conserved from its origins in the eubacteria.
Those plant and algal species examined to date that are capable of dark chlorophyll formation appear to uniformly contain within their chloroplast genomes the three genes (chIL, chIN, and chlB, or their homologs) identified thus far (Burke et al., 1993a (Burke et al., , 1993d Suzuki and Bauer, 1992; Yamada et al., 1992) . On the other hand, from the few studies that have been published, those species not capable of dark chlorophyll formation appear to lack all three genes, and it appears that the more evolutionary advanced angiosperms in particular have uniformly lost these genes and thus the capacity for dark chlorophyll synthesis (Shinozakietal., 1986; Hiratsukaetal., 1989; Suzuki and Bauer, 1992; Yamada et al., 1992; Burke et al., 1993a Burke et al., , 1993d . In those species in which all or the major portion of chlorophyll synthesis takes place only in the light, the chlL-chlN-chIB complex has been supplemented or fully replaced by a single polypeptide, the NADPHiprotochlorophyllide reductase. This enzyme shows a strict requirement of light for activity and appears to have an independent origin, because it is not structurally related to any of the subunits present in the light-independent protochlorophyllide reductase. There is functional evidence for a light-dependent and lightindependent protochlorophyllide reductase in the cyanobacteria, suggesting that these two mechanisms coexisted quite early in the evolutionary process (Stanier and Cohen-Bazire, 1977; Pescheketal., 1989; Fujitaetal., 1992) . The loss of lightindependent chlorophyll synthesis and increased prominence of the light-dependent mechanism, however, appear to have occurred at approximately the same time in evolution as the emergence of a greater level of control of gene expression for photosynthetic function and overall chloroplast development by phytochrome (Quail, 1991) .
Functional Aspects of the Light-Independent Protochlorophyllide Reductase Complex
In reactions catalyzed by the light-dependent protochlorophyllide reductase, the absorption of light by protochlorophyllide results in a torsional strain on the porphyrin, allowing more favorable conditions for hydride/hydrogen transfer. Perturbations within the D-ring of protochlorophyllide similar to those created by light absorption would have to be created by one or more of the components of the light-independent enzyme complex and require both energy and a source of electrons. The observation that the chIL (frxC) and chIN (gidA) genes were tightly linked in the Marchantia and pine chloroplast DMA (Kohchietal., 1988; Lidholm and Gustafsson, 1991) led to the early suggestion that, like their bacterial counterparts, these genes are cotranscribed, and their encoded proteins function cooperatively to bring about protochlorophyllide reduction (Lidholm and Gustafsson, 1991) . Although the chIL, chIN, and chlB genes are not linked in the Chlamydomonas chloroplast genome, it is apparent that the products of these genes work in concert to mediate protochlorophyllide reduction because alteration of any one results in a similar disruption in the lightindependent chlorophyll biosynthetic pathway. How the lightindependent protochlorophyllide reductase functions, however, remains to be determined.
Some clues on the reaction mechanism may come from the observation that the three putative components of lightindependent protochlorophyllide reductase complex share a surprisingly high degree of protein sequence similarity with the nitrogenase subunits encoded by nifHDK (Fujitaetal., 1991 (Fujitaetal., , 1992 Suzuki and Bauer, 1992; Bauer et al., 1993) . Burke et al. (1993c) have recently speculated on the possibility of a common evolutionary origin for the chlorophyll iron proteins and their nitrogenase counterparts and argue convincingly for a nitrogenase-like structure for the light-independent protochlorophyllide reductase. That mechanistic similarities also exist between the nitrogenase and the light-independent protochlorophyllide reductase is suggested by the fact that among the greatest similarities in primary protein structure found between the nitrogenase and light-independent protochlorophyllide reductase subunits are within amino acids previously shown to be involved in ATP binding and hydrolysis and forming the 4Fe4S center (Fujita et al., 1989; Suzuki and Bauer, 1992; Burke et al., 1993a Burke et al., , 1993b . l h e availability of the cloned sequences encoding the three putative subunits of lightindependent protochlorophyllide reductase should facilitate the development of conditions for enzyme reconstitution assays and structure-function studies necessary to resolve these questions. levels of chlorophyll in the light and -52% of their dark-grown levels, indicating that light-independent protochlorophyllide reduction operates concurrent to and independently of lightdependent protochlorophyllide reduction and contributes substantially to the total chlorophyll pool (Ford et al., 1981 (Ford et al., , 1983 . Our recent cloning of a gene encoding the light-dependent protochlorophyllide reductase from C. reinhardtii (J. Li and M.P. Timko, manuscript in preparation) and the availability of the three chloroplast-encoded components of the light-independent protochlorophyllide reductase should allow a more detailed examination of the mechanism by which the expresSion of these two activities is integrated and regulated and the contribution each makes to overall chloroplast development.
METHODS

Nuclear Genes Affecting Dark Chlorophyll Formation
There is also evidence suggesting that in addition to these three chloroplast genes, other factors of nuclear origin may be involved in light-independent chlorophyll formation. At least seven independent loci have been mapped in C. reinhardtii that affect light-independent protochlorophyllide reduction (Sager, 1955; Wang, 1980a, 1980b) . These yor yellowin-the-dark mutants lack the capacity for chlorophyll synthesis in the dark but are still able to carry out light-dependent protochlorophyllide reduction . Evidence for nuclear-encoded factors involved in various steps of chloroplast gene expression (e.g., trans splicing, mRNA stability, and translation), complex assembly, or cofactor formation have been reported (Rochaix, 1992) . Whether defects in such activities are responsible for giving rise to these various nuclear yellow-in-the-dark mutants remains to be resolved.
Nuclear mutants defective in light-independent protochlorophyllide reductase activity have also been described in the green algae Chlorella (Granick, 1950; Ellsworth and Aronoff, 1968) and Scenedesmus (Oh-hama and Hase, 1980; Senger and Bishop, 1982) . In each case, these alga1 mutants were still capable of synthesizing chlorophyll in the light, which suggests that the light-independent and light-dependent mechanisms for protochlorophyllide reduction operated independently from each other. The independent action of the light and dark chlorophyll synthesis mechanisms has also been demonstrated in the cyanobacterium Plectonema (Fujita et al., , 1993 . Our data showing that chlB is expressed in the dark as well as the light are consistent with the continued operation of the light-independent protochlorophyllide reductase even in the light.
To what extent light-independent chlorophyll synthesis contributes to the overall chlorophyll pool has been examined.
Mutations of the temperature-sensitive allele of y-7, known as y-7-4, led to the identification of thepc-7 locus in C. reinhardtii (Ford et al., 1981) . pc-7 mutants are blocked in light-dependent protochlorophyllide reductase catalyzed chlorophyll formation. Interestingly, pc-7 mutants accumulate -36% of wild-type
Alga1 Strains and Culture Conditions
Wild-type Chlamydomonas reinhardtii 216R was obtained from Dr. Robert Bloodgood (University of Virginia, Charlottesville, VA) and yellowin-the-dark (y) mutants were obtained from Dr. Elizabeth Harris (The Chlamydomonas Genetic Stock Center, Duke University, Durham, NC). Cells were grown on Trs-acetate phosphate (TAP) medium (Harris, 1989) or TAP agar plates at 28OC on a gyratory shaker at 200 rpm under constant light. For the preparation of dark-grown wild-type and mutant cells, 50 to 100 mL of TAP mediawas inoculated with light-grown ceils from TAP agar plates. The cultures were grown for 2 days in the light and then wrapped with two layers of aluminum foi1 and grown in darkness for 6 days. The cells were harvested by centrifugation at 80009. When necessary, dark-grown cultures were handled under dim green safelights.
achlB Isolation, Gene Mapping, and DNA Sequence Analysis
The nucleotide sequences of the bchB homologs of C. moewusii (Richard and Bellmare, 1990 ; GenBank accession number S10176), the liverwort Marchanfia  accession number S01586), and Pinus fhunbergii (black pine) (Tsudzuki et al., 1992;  accession number 011467) were compared, and two oligonucleotides (CMl, 5'-ATGAAATTAGCATATTGGATG-3: and CM2,5'-AGCAGAAAG-AGCTTCTTTAGC-3') were synthesized that correspond to the extreme N-and C-terminal coding sequences of the putative open reading frame (ORF) in the C. moewusiisequence. Polymerase chain reaction (PCR) amplifications were conducted in 50-pL reaction volumes containing 100 ng of total C. reinhardtiiDNA, 200 pM deoxynucleotide triphosphates (dNTPs), 125 ng each of CM1 and CM2 primer, and 1.25 units of Ta9 DNA polymerase (Boehringer Mannheim). Amplifications were performed in a thermocycler (Perkin Elmer-Cetus, Inc.) by denaturing the template DNA for 5 min at 94OC followed by 35 cycles of denaturation at 94OC for 1 min, annealing at 4OoC for 1 min, and extension at 72OC for 1 min, and a final extension period of 10 min at 72OC. Following PCR amplification, the reaction products were treated with the Klenow fragment of DNA polymerase I, purified, and ligated into an EcoRVdigested pBluescript KS-vector. DNA sequencing was performed on double-stranded DNA templates using Sequenase according to the manufacturer's protocol (model2.0; U.S. Biochemicals). Templates consisted of various subclones constructed using suitable restriction sites within the gene ( Figure 1A ) and/or nested exonuclease Ill digestion products (Henikoff, 1987) .
Once the identity of the amplification product from C. reinhardtiiwas confirmed as encoding the chl6 gene, the amplified C. reinhardtiichl6 gene fragment was used as a hybridization probe in DNA hybridization analysis against total C. reinhardtii DNA to determine the size of the endogenous chloroplast DNA fragment containing this sequence. DNA was prepared essentially as described by Rochaix et al. (1988) . One hundred milliliters of cell culture was harvested by centrifugation at 8OOOg for 10 min, and the pelleted cells were resuspendend in 3.5 mL of 20 mM Tris-HCI, pH 8.0, 50 mM EDTA, 100 mM NaCI. The cell suspension was made 2% (v/v) with SDS and treated with pronase (U.S. Biochemicals) (2 pg/mL) at 55OC for 2 hr. The mixture was then extracted twice with phenokhloroform (l:l), and the DNA was precipitated with 2 volumes of ethanol at -20%. The DNA was pelleted by centrifugation at 10, OOOg for 10 min, dried under vacuum, and resuspended in a minimal volume of 10 mM Tris-HCI, pH 7.5, 1 mM EDTA. Aliquots of the DNA were then digested with EcoRI, BamHI, or Pstl, the digestion products were fractionated by electrophoresis on 0.8% agarose gels, and subsequently blotted to a GeneScreen nylon membrane (New England Nuclear). Prehybridization, hybridization with 32P-labeled probes (Feinberg and Vogelstein, 1983) , and washing were conducted as described by Church and Gilbert(1984) . The probes used in this study consisted of a 1.9-kb Accl fragment prepared from plasmid pCchlB21. Autoradiograpy was performed at -80% using K e dak X-Omat autoradiographic film and Cronex (DuPont) intensifying screens.
Based upon the DNA hybridization analysis with total genomic DNA, the chl6 gene was mapped to a 11.6-kb BamHl fragment. Its location was then confirmed by performing a similar hybridization with plasmid pBam7 (a gift from Dr. David Stern, Cornell University) containing the 11.6-kb BamHI-7 fragment of C. reinhardtii chloroplast DNA ( Figure 1A ).
For final DNA sequence determinations, the plasmid pBS45, which contains the relevant coding and flanking sequences of the chl6 gene, was obtained by cutting plasmid pBam7 with Spel followed by religation with T4 DNA ligase. Nucleotide sequence analysis of both strands of the chl6 gene was performed as described above using M13 universal and reverse sequencing primers or synthetic oligonucleotides as necessary (Figure lB) .
Plasmid-Encoded chl6 Disruptions
Six chl6 disruption plasmids were constructed from plasmid pBS45. The plasmid DNA was either partially digested with ApaLl or completelydigested with Sphl and Pmel, and the digestion products were then blunted by incubation with the Klenow fragment of DNA polymerase I. The linearized plasmids were purified by electrophoresis on low-melting agarose and ligated with EcoRV-Smal digested aadA cassette from the plasmid pUC-atpX-AAD (Goldschmidt-Clermont, 1991) . The resulting plasmids were transformed into Escherichia coli and selected on Luria broth plates containing 25 pg/mL spectinomycin. The six constructs used in these studies contained a 2.0-kb aadA insertion in both possible orientations at three unique sites within the chl6 coding region, as shown in Figure 3 .
Particle Gun Transformation
Chloroplast transformations were performed as previously described (Goldschmidt-Clermont, 1991) . Transformants were selected on TAP agar plates containing 150 pglmL spectinomycin in dim light (200 lux). After 3 weeks, colonies were selected and subjected to three rounds of single-colony purification as described by Goldschmidt-Clermont (1991) .
DNA Hybridization Analysis
For DNA extraction from the disruption mutants, 12-mL precultures were grown in dim light in TAP medium containing 20 pglmL spectinomycin for 2 to 3 days and used to inoculate 200 mL TAP cultures (without spectinomycin), which were grown to saturation. Cells were collected by centrifugation, and the pellets were frozen. DNA was extracted as described by Weeks et al. (1986) , followed by phenoll chloroform extraction and ethanol precipitation.
After restriction enzyme digestion and agarose gel electrophoresis, the DNA was blotted to Hybond N+ membranes in alkali, as recommended by the manufacturer (Amersham). Prehybridization (4 hr) and hybridzation (16 hr) at 42°C with random-primed =P-labeled probes were performed in 50% formamide, 5 x Denhardt's solution (1 x Denhardt's solution is 0.02% Ficoll, 0.02% PVP, 0.02% BSA), 5 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 7.4), 0.2 mg/mL denatured salmon DNA, 0.5% (w/v) SDS. Filters were washed four times for 15 min at 42OC and once at 65% in 0.5 x SSPE, 0.25% (w/v) SDS.
Pigment Extraction and Spectroscopic Analysis
Pigments were extracted in diethyl ether as described by Suzuki and Bauer (1992) from pellets of light-and dark-grown cell cultures. Room temperature fluorescence emission spectra were measured on a spectrofluorophotometer (model RF5000U; Shimadzu Corp., Kyoto, Japan) using an excitation wavelength of 434 nm and recording emission spectra between 600 and 700 nm.
RNA lsolation and Gel Blot Analysis
Cells from 100 mL of culture were harvested at 8000gfor 10 min, immediately resuspended in 3 mL of 6 M guanidine-hydrochloride, and frozen at -70%. Total RNA was then isolated as described by Rochaix et al. (1988) . For gel blot analysis, aliquots of total RNA (10 pg) were denatured in loading buffer (20 mM 3-[N-morpholino]ethanesulfonic acid, 50 mM sodium acetate, 10 mM EDTA, 50% [v/v] formamide, 2 M formaldehyde, 6.7% [v/v] glycerol, 0.5% [w/v] bromophenol blue), fractionated on formaldehyde-agarose gels, and blotted to nitrocellutose (Sambrook et al., 1989) . Filters were then prehybridized in buffer containing 50% formamide, 5 x SSPE, 0.5% (w/v) SDS, 5 x Denhardt's solution, 100 pg/mL denatured salmon testes DNA for 4 hr at 42°C and then hybridized in the same buffer containing 0.2% (w/v) SDS and a 3ZP-labeled probe (1.9-kb Accl fragment prepared from plasmid pCchlB21) for 24 hr at 42%. The blots were washed at room temperature twice for 15 min each in 2 x SSC, 0.1% (w/v) SDS, then twice for 15 min each in 0.1 x SSC, O.lO/O (w/v) SDS, followed by a final wash at 42% in 0.1 x SSC, 0.1% (wp) SDS for 15 min. Autoradiograpy was conducted for 10 days at -80°C using Kodak X-Omat autoradiographic film and Cronex intensifying screens. 
Transcript Mapping Using ReverseiTranscription PCR
Total RNA(10 pg) was digested for 60 min at 37% with 10 units of RNase- free DNase (Boehringer Mannheim) in 40 mM Tris-HCI, pH 7.5,6 mM MgClp containing 40 units of RNasin (Promega). The DNase was inactivated by heating the digestion mixture for 5 min at 95OC followed by phenokhloroform extraction. The RNA samples were then precipitated with ethanol overnight at -2OoC, recovered by centrifugation, and resuspended in 20 pL of diethylpyrocarbonate-treated water. The DNase-treated RNA was reverse transcribed in 40-pL reactions containing 50 mM Tris-HCI, pH 8.3,75 mM KCI, 3 mM MgCI2, 10 mM DTT, 1 mM each dNTP, 100 ng of specific primer, 40 units of RNasin, and 200 units of Moloney murine leukemia virus reverse transcriptase (Bethesda Research Laboratories) at 42OC for 1 hr. As a control, identical reactions were performed as described above but reverse transcriptase was not added. Two microliters of the reverse transcription products or control reactions was added to 48 pL of PCR reaction mixture containing 200 pM dNTPs, 125 ng of each primer, and 1.25 units of Taq DNA polymerase. Amplifications were performed by denaturing the template DNA for 5 min at 94OC followed by 40 cycles of denaturation at 94OC for 45 sec, annealing at 5OoC for 45 sec, and extension at 72% for 1.5 min, with a final extension period of 10 min at 72OC. The amplification products were then fractionated by electrophoresis on a 3% agarose gel, visualized by ethidium-bromide staining, and/or analyzed by DNA gel blot hybridization using the 32P-labeled pCchIB21 insert DNA as a probe.
